NOW Handout Page 1IRAM L03 1

CS 294-4 IRAM: Intelligent DRAMLecture 3: Cache Review1/22/95Dave PattersonComputer Science DivisionUniversity of California, Berkeleyhttp://www.cs.berkeley.edu/~patterson/IRAM L03 2

Outline¥Technological motivation for cache¥Cache Terms¥Styles of Caches¥Categorzing Cache Misses¥Memory Organizations¥Advanced Topics (as time permits): non-blocking cache, 2 level cache, sub-block, prefetching, SW opt.

NOW Handout Page 2IRAM L03 3

The Motivation for Caches¥Motivation:—Large memories (DRAM) are slow—Small memories (SRAM) are fast¥Make the average access time

small by:—Servicing most accesses from a small, fast memory.¥Reduce the bandwidth

required of the large memory

ProcessorMemory SystemCacheDRAMIRAM L03 4

The Principle of Locality¥The Principle of Locality:—Program access a relatively small portion of the address space at any instant of time.—Example: 90% of time in 10% of the code¥Two Different Types of Locality:—Temporal Locality

(Locality in Time): If an item is referenced, it will tend to be referenced again soon.—Spatial Locality

(Locality in Space): If an item is referenced, items whose addresses are close by tend to be referenced soon.

Address Space0¥Probabilityof reference

NOW Handout Page 3IRAM L03 5

Levels of the Memory HierarchyCPU Registers100s Bytes<10s nsCacheK Bytes10-100 ns$.01-.001/bitMain MemoryM Bytes100ns-1us$.01-.001DiskG Bytesms10 - 10 cents-3-4CapacityAccess TimeCostTapeinfinitesec-min10-6RegistersCacheMemoryDiskTape

Instr. OperandsBlocksPagesFilesStagingXfer Unitprog./compiler1-8 bytescache cntl8-128 bytesOS512-4K bytesuser/operatorMbytesUpper LevelLower Level

faster

LargerIRAM L03 6

Memory Hierarchy: Terminology¥Hit

: data appears in some block in the upper level (example: Block X) —Hit Rate

: the fraction of memory access found in the upper level—Hit Time

= Time to replace a block in the upper level + Time to deliver the block the processor¥Hit Time << Miss PenaltyLower Level(Memory)Upper Level(Cache)

To Processor

From Processor

Blk XBlk Y

NOW Handout Page 4IRAM L03 7

Cache Measures¥Hit rate: fraction found in that level—So high that usually talk about Miss rate—Miss rate fallacy: as MIPS to CPU performance, miss rate to average memory access time in memory ¥Average memory-access time = Hit time + Miss rate x Miss penalty (ns or clocks)¥Miss penalty: time to replace a block from lower level, including time to replace in CPU—access time: time to lower level = f(lower level latency)—transfer time: time to transfer block =f(BW upper & lower)IRAM L03 8

Improving Cache Performance1. Reduce the miss rate, 2. Reduce the miss penalty, or3. Reduce the time to hit in the cache.

NOW Handout Page 5IRAM L03 9

Block Size Tradeoff¥In general, larger block size take advantage of spatial locality BUT:—Larger block size means larger miss penalty:¨Takes longer time to fill up the block—If block size is too big relative to cache size, miss rate will go up¥Average Access Time: —= Hit Time x (1 - Miss Rate) + Miss Penalty x Miss Rate

MissPenalty

Block Size

MissRate

Exploits Spatial Locality

Fewer blocks: compromisestemporal locality

AverageAccessTime

Increased Miss Penalty& Miss RateBlock SizeBlock SizeIRAM L03 10

¥Location 0 can be occupied by data from:—Memory location 0, 4, 8, ... etc.—In general: any memory locationwhose 2 LSBs of the address are 0s—Address<1:0> => cache index¥Which one should we place in the cache?¥How can we tell which one is in the cache?

NOW Handout Page 6IRAM L03 11

Example: 1 KB Direct Mapped Cache with 32 B Blocks¥For a 2 ** N byte cache:—The uppermost (32 - N) bits are always the Cache Tag—The lowest M bits are the Byte Select (Block Size = 2 ** M)

Cache Index0123

: Cache DataByte 0

0431

:Cache TagExample: 0x50

Ex: 0x010x50

Stored as partof the cache �state�Valid Bit :31

Byte 33

Byte 63

:Byte 992Byte 1023

: Cache TagByte SelectEx: 0x009IRAM L03 12A Two-way Set Associative Cache¥N-way set associative: N entries for each Cache Index—N direct mapped caches operates in parallel¥Example: Two-way set associative cache—Cache Index selects a �set� from the cache—The two tags in the set are compared in parallel—Data is selected based on the tag resultCache DataCache Block 0Cache TagValid:::Cache DataCache Block 0Cache TagValid:::Cache Index

Compare

Adr TagCompare

ORHit

NOW Handout Page 7IRAM L03 13

Disadvantage of Set Associative Cache¥N-way Set Associative Cache v. Direct Mapped Cache:—N comparators vs. 1—Extra MUX delay for the data—Data comes AFTER Hit/Miss¥In a direct mapped cache, Cache Block is available BEFORE Hit/Miss:—Possible to assume a hit and continue. Recover later if miss.

Cache DataCache Block 0

Cache TagValid:::

Cache Index Mux 01Sel1Sel0

Cache Block

Compare

Adr TagCompare

ORHitIRAM L03 144 Questions for Memory Hierarchy¥Q1: Where can a block be placed in the upper level? (Block placement)¥Q2: How is a block found if it is in the upper level? (Block identification)¥Q3: Which block should be replaced on a miss? (Block replacement)¥Q4: What happens on a write? (Write strategy)

NOW Handout Page 8IRAM L03 15

Q1: Where can a block be placed in the upper level? ¥Block 12 placed in 8 block cache:—Fully associative, direct mapped, 2-way set associative—S.A. Mapping = Block Number Modulo Number Sets

bi = xmodai,0 ≤ bi < ai,0 ≤ x< a0 × a1× a2×…

Average memory access time= Hit time L1 + Miss rate L1 × Miss penalty L1

Miss penalty L1 = Hit time L2 + Miss rate L2 × Miss penalty L2

Average memory access time= Hit time L1 + Miss rate L1

× Hit time L2 + Miss rate L2 × Miss penalty L2 ( )